2 25 Abstract 26 Dispersal beyond the local patch in clonal plants was typically thought to result from sexual 27 reproduction via seed dispersal. However, evidence for the separation, transport by water, and 28 re-establishment of asexual propagules (asexual hydrochory) is mounting suggesting other 29 important means of dispersal in aquatic plants. Using an unprecedented sampling size and 30 microsatellite genetic identification, we describe the distribution of seagrass clones along tens 31 of km within a coastal lagoon in Southern Portugal. Our spatially explicit individual-based 32 sampling design covered 84 km 2 and collected 3 185 Zostera noltei ramets from 803 sites. 33 We estimated clone age, assuming rhizome elongation as the only mechanism of clone 34 spread, and contrasted it with paleo-oceanographic sea level change. We also studied the 35 association between a source of disturbance and the location of large clones. A total of 16 36 clones were sampled more than 10 times and the most abundant one was sampled 59 times. 37 The largest distance between two samples from the same clone was 26.4 km and a total of 58 38 and 10 clones were sampled across more than 2 and 10 km, respectively. The number of 39 extremely large clone sizes, and their old ages when assuming the rhizome elongation as the 40 single causal mechanism, suggests other processes are behind the span of these clones. We 41 discuss how the dispersal of vegetative fragments in a stepping-stone manner might have 42 produced this pattern. We found higher probabilities to sample large clones away from the 43 lagoon inlet, considered a source of disturbance. This study corroborates previous 44 experiments on the success of transport and re-establishment of asexual fragments and 45 supports the hypothesis that asexual hydrochory is responsible for the extent of these clones. 46 47 48 Zostera noltei 49 Introduction 50 Clonal propagation is widespread throughout the Tree of Life, including multicellular 51 eukaryotes, in 45% of vascular plant families [1] and over 70% of animal phyla [2]. Most 52 eukaryotic clonal organisms are also capable of reproducing sexually, and will carry out one 53 mode of reproduction or the other according to the circumstances [3-5]. Dispersal is one of 54 many important life history traits associated with sexual reproduction: sexually-derived 55 bodies (such as gametes, pollen, zygotes, seeds, larvae) are often thought of as the relevant 56 dispersal propagules mediating gene flow within and between populations. On the other 57 hand, asexual reproduction was for long thought to play a role constrained to the population 58 spatial limits, such as resource foraging through clonal extension, physical and physiological 59 integration and population maintenance under mate limitation [6]
3 7 144 lower shoot density, while being intertidal in most Atlantic meadows with high density [53- 145 55] . Z. noltei is the dominant seagrass species in the Ria Formosa lagoon, covering over 13 146 km 2 of the intertidal area [56] . The species shows highly variable growth rates, but it is 147 generally considered a fast growing species. Alexandre et al. [57] reported frequent flowering 148 and high production of seeds in the Ria Formosa for this monoecious species. Seeds can be 149 released directly from the plant or can be transported attached to the flowering shoot [58] . 150 Seed transport distance ranges from tens of cm, when released from an attached parental 151 shoot, to a couple thousand kilometers when transported by buoyant detached shoots, 152 assuming unidirectional current flow [46] . Detached positively buoyant fragments keep 153 producing new shoots and can carry maturing seeds for more than 50 days [46] . An 154 experimental study on post-dispersal settlement success, after a floating period of up to four 155 weeks, demonstrated that these fragments once entangled are quickly buried and keep 156 growing [47] . 8 168 169 Genetic analysis of clone identity 170 Genomic DNA for all ramets sampled was isolated from silica dried tissue (5-10 mg) 171 using the CTAB method [59] . All Z. noltei samples were genotyped for nine microsatellite 172 loci following Coyer et al. [60] . We used fluorochrome-labelled primers on a GeneAmp 173 2700 thermocycler (Applied Biosystems, Foster City, CA, USA) and an ABI PRISM 3130xl 174 DNA analyser (Applied Biosystems) was used to determine the size of amplification products 175 (i.e., microsatellite alleles). We scored raw fragment sizes using STRand v. Typically, a seagrass individual's age is estimated assuming that the sampled spatial extent 183 of a clone is the result of rhizome elongation alone [45, 49] . We used a similar strategy, but 184 iteratively corrected age estimates by combining sampling locations with spatial explicit sea-185 level data for the time the clone would have been initiated. Once clonal assignment was 186 determined, we determined the longest "as-the-crow-flies" distance between clonemates 187 (ramets belonging to the same genet). This distance between a pair of clonemates A and B is 188 likely an underestimate (i.e., sampled) of clone's span. We then conservatively assumed that 189 the clone initiated growth at the middle point (O 0 ) in a line between A and B. An initial 190 estimate of clone age (t 0 ) was calculated by dividing the distance from O 0 to A (half the To further characterize the spatial distribution of Z. noltei clones within the Ria Formosa, 202 we estimated for each plot the average probability of sampling an MLG that was present in 203 the sample more than 5, 10 and 15 times (Pc5, Pc10 and Pc15, respectively). Note that Pc5 204 represents the chance of sampling a clone that was found at least in two plots, because only 205 four ramets were sampled per plot (average shortest distance between plots: 96 m). Finally, 206 we investigated how Pc changed with distance from the lagoon's barrier island system, a 207 putative source of disturbance [66] (details in S2 File).
209 Results

210
The genetic analysis of 3 185 Zostera noltei ramets revealed 1 999 unique MLGs 211 corresponding to a relatively high genotypic richness (MLGs/N=R=0.63), with mean allelic 212 richness per locus A=15.0, observed heterozygosity Ho=0.62 and probability of sexual re-213 sampling, Psex, always <0.001. Out of the unique MLGs, 504 were sampled more than once. 214 A total of 16 MLGs were sampled more than 10 times and the most abundant MLG (ID 10 215 1886) was sampled 59 times (Table 1, Fig 1 c) . The largest distance between two samples 216 with 217 Table 1 . Age estimation for the ten largest clones of Zostera noltei assuming no asexual hydrochory. N -number of clonemates sampled; distance -218 maximum distance sampled between two clonemates; O 1 through O 4 -shortest distance to the estimated point of origin; t 0 through t 3 -estimated age of 219 the clone assuming rhizome elongation from the point of origin at different sea levels (APPENDIX A); * -final age estimation after correcting for sea 220 level; n.a. -unavailable sea level data after this point, clone older than last age estimated. Data is also shown for one clone of the seagrass Cymodocea 
Species
Clone 12 226 identical MLG was 26.4 km (Fig 1 b) . A total of 58 MLGs were sampled across more than 2 227 km and out of those 10 MLGs were sampled across more than 10 km. An example of the 228 large spatial extent of four these clones is shown in Fig 2 a . To illustrate the necessary power 229 to detect asexual hydrochory, we calculated the proportion of ramet pairwise combinations 230 that shared the same MLG and plotted it as a function of the distance between sampled 231 ramets (Fig 2) . Although many clones were extended across several kilometers, the 232 proportion of pairwise samples that captured clonemates decreased with distance and was 233 generally small, 1.62% and 0.12%, at 50 m and 30 km distance classes, respectively (Fig 2) . Using the rhizome elongation rate method, corrected for sea-level change, we estimated 250 that among the 10 largest clones three could be approximately 20 000 years old, while the 13 251 remaining seven to be older than 20 000 years. Further iterations of our age estimation 252 process beyond 20 000 years before present (YBP) were not possible, due to the temporal 253 extent of available paleoceanographic data for this region. However, the age of these older 254 clones would have to be at least equal or older than the range found at the point where we 255 could no longer proceed (22 058 to 33 088 years, Table 1 ). 256 The analysis of spatial distribution of large Z. noltei clones within the lagoon revealed 257 higher probability to sample large clones (Pc) further away from the lagoon barrier islands 258 (Fig.3 a) . clones. However, we note that clone age can be much lower if AH dispersal proceeds in a 291 stepping-stone manner. Support for stepping-stone AH dispersal comes from the observation 292 of many clones with large spatial extent. If AH dispersal is the mechanism explaining the 293 spatial extent of this many clones, then the same mechanism is likely recurrent within the 294 358 These are optimistic news for seagrass ecosystem recovery that should attract the attention of 359 marine ecologists interested in studying the dynamics of seagrass ecosystems. 360 We found higher probability of sampling large clones with increasing distance from 361 barrier islands, assumed to be a source of physical disturbance through increased burial [66] . 362 This association can be the result of two non-mutually exclusive processes linked to the 363 disturbance regime -different clone survival and different allocations to sexual and asexual 364 reproductive components. Survival and longevity might be affected by different habitat 365 stability, with increased stability in the inner area of the lagoon allowing established clones to 366 survive longer and thus grow larger. In contrast, in the disturbed areas meadows are 367 frequently buried by increased sedimentation associated to the barrier island inlets and their 368 migration. Survival of clones in such a habitat is likely lower, as the conditions are less 369 favorable due to higher burial rates, increased turbidity and disturbance frequency.
